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Human T-lymphotropic virus type 1 Tax interacts specifically with the cellular transcription factor CREB
and the viral 21-bp repeat element to form a Tax-CREB-DNA ternary complex which mediates activation of
viral mRNA transcription. Analyses of Tax and Tax mutants indicate that, like CREB, Tax incorporates into
the ternary complex as a dimer. The ability of Tax to form a dimer is necessary for its interaction with CREB
and the 21-bp element. Analyses of several Tax mutants with amino acid substitutions spanning residues 123
to 204 indicate that intersubunit Tax dimerization correlates with its ability to assemble into the ternary
complex and activate transcription. Tax also enhances the DNA binding activities of specific bZip domains in
vitro. The ability of Tax to enhance DNA binding of bZip proteins can be explained in part by Tax dimerization.
This activity alone is not sufficient for transactivation. A dual amino acid substitution mutant of Tax, M47
(L319R, L320S), completely abrogated for activation of the human T-lymphotropic virus type 1 long terminal
repeat as a result of a defect in the transactivation domain, continues to stimulate binding of bZip proteins to
DNA.

The human T-lymphotropic virus type 1 (HTLV-1) tran-
scriptional activator, Tax, is a 40-kDa nuclear protein crucial
for HTLV-1 viral gene expression (10, 25, 38, 44). Tax does not
bind DNA directly (19, 33). Rather, it interacts with myriad
cellular transcription factors to bring about transactivation (for
a review, see reference 11). The ability of Tax to affect multiple
cellular transcription pathways is most likely responsible for
the uncontrolled growth of the HTLV-1-infected T cells, which
eventually leads to adult T-cell leukemia (23, 51) and a neu-
rological disorder called tropical spastic paraparesis/HTLV-1-
associated myelopathy (18, 26, 34).
Tax transactivation of HTLV-1 viral mRNA expression is

mediated by three imperfect cyclic AMP response element
(CRE)-containing 21-bp repeat elements in the viral long ter-
minal repeat (LTR) (8, 12, 16, 19, 37). We and others have
demonstrated that Tax interacts specifically with CREB and
the 21-bp repeat to assemble a ternary complex important for
HTLV-1 transactivation (21, 35, 46, 52, 53). In addition, by
facilitating the phosphorylation and degradation of IkBa (9,
27, 28), and possibly through interactions with IkBa or NF-kB
precursors (24, 30, 32, 45, 48), Tax is able to increase the
nuclear localization of the NF-kB family of transcription fac-
tors. This results in increased expression of a large collection of
cytokines and some cytokine receptors which appear to play an
important role in the activation of HTLV-1-infected T cells (5,
29). Finally, Tax has been shown to interact directly with
p67SRF (14) to stimulate the expression of the cellular proto-
oncogene c-fos (13).
The pleiotropic effects exerted by Tax over the various cel-

lular transcription factors are mediated by distinct domains in

Tax. Smith and Greene have previously produced a series of
HTLV-1 Tax mutants with amino acid substitutions through-
out the entire length of Tax (42). These mutants can be clas-
sified into three categories: (i) mutants that fail to localize to
the nucleus and are unable to activate transcription from either
NF-kB binding sites in the human immunodeficiency virus
(HIV) LTR or the CRE in the HTLV-1 21-bp repeats, (ii)
mutants that activate transcription from NF-kB sites but not
from the HTLV-1 21-bp repeats, and (iii) mutants that activate
the HTLV-1 21-bp repeats but not the NF-kB binding sites.
The biochemical characteristics of several of the mutants im-
paired or defective in the activation of the HTLV-1 LTR have
been defined in terms of their interaction with CREB (1).
These studies indicate that the amino-terminal region of Tax is
important for its interaction with CREB, while the carboxyl-
terminal region contains a transactivation domain (1). Similar
studies of a different set of Tax mutants have led to the same
conclusion (21, 41).
The assembly of a ternary Tax–CREB–21-bp-repeat com-

plex involves highly specific protein-protein and protein-DNA
interactions. Despite extensive amino acid sequence similari-
ties, ATF1 is weaker than CREB in interacting with Tax in
vitro (2, 53). Likewise, DNA elements competent in collabo-
rating with CREB to recruit Tax have been identified by in
vitro selection (35). These elements invariably contain a CRE
motif flanked by 59 G-rich and/or 39 C-rich sequences resem-
bling the HTLV-1 21-bp repeats (35). These specific flanking
sequences are critical for Tax assembly into the ternary com-
plex and transactivation (17, 31, 35). Under in vitro conditions,
Tax increases binding of CREB and other related bZip pro-
teins to their cognate DNA binding sites (3, 4, 46, 47, 52, 53).
Enhanced binding of NF-kB to its recognition site by Tax has
also been reported (4). Wagner and Green have shown that the
facilitated binding of CREB/ATF factors to DNA is due to a
Tax-stimulated increase in the dimerization of the bZip pro-
teins (47). The interaction between Tax and CREB is mediated
via the basic domain of CREB and amino acid residues in its
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vicinity (2, 6, 36, 49, 50). Interestingly, although a CREB dimer
contains two contact sites for Tax, only a single species of
Tax–CREB–21-bp-repeat ternary complex has been observed
in the gel electrophoretic mobility shift assay (2, 53).
Using chemical cross-linking and gel filtration chromatogra-

phy, we now demonstrate that Tax forms a dimer to interact
with CREB. Analyses of Tax mutants indicate that Tax dimer-
ization is critical for its function as a transcriptional activator.
Several Tax mutants, M22 (T130A, L131S) in particular, with
amino acid substitutions spanning residues 123 to 204 are im-
paired in intersubunit dimerization. They become less profi-
cient in assembling ternary complexes with CREB and the
HTLV-1 21-bp repeat and are diminished in transactivation
activities. Tax mutants M1 and M47 are fully capable of dimer
formation but are defective in the domains responsible for
interacting with CREB and the basal transcription factors,
respectively (1). As a result, neither mutant is able to transac-
tivate the HTLV 21-bp repeats. M47, like wild-type Tax, con-
tinues to enhance DNA binding of several bZip domains, in-
dicating that Tax does not function like a chaperone or an
enzyme to stimulate binding of bZip protein to DNA. Rather,
Tax participates in forming the Tax–CREB–21-bp-repeat ter-
nary complex and most likely engages the basal transcriptional
factors via its carboxyl transactivation domain.

MATERIALS AND METHODS

Expression and purification of HTLV-1 Tax and its mutants. Mutant Tax
constructs were made by replacing the AccI-SmaI fragment containing the ma-
jority of the Tax coding sequence. Escherichia coli BL21(DE3) cells transformed
with the Tax expression plasmids pET11-TaxH6, -M1 (H3S), -M7 (C29A, P30S),
-M22 (T130A, L131S), and -M47 (L319R, L320S) were each grown at 378C in 2
liters of Terrific broth medium containing 100 mg of ampicillin per ml to an A600
of 1.0 to 1.5 and then induced for Tax expression with 40 mM IPTG (isopropyl-
b-D-thiogalactopyranoside) at room temperature overnight. This induction pro-
tocol resulted in a much higher yield of intact Tax protein that was not possible
with short induction at 378C using high concentrations of IPTG. Cells were
harvested and resuspended in 20 ml of 50 mM phosphate-buffered saline (PBS;
pH 8.0) containing 0.3 M NaCl, 0.25 mM phenylmethylsulfonyl fluoride, 0.5 mM
b-mecaptoethanol, and 10 mM imidazole. The cells were ruptured by sonication
over an ice-salt bath, using a Bronson Sonifier mounted with a microtip. Soni-
cation was carried out at 70% duty cycle for four burst of 1 min each. After
centrifugation in a Sorvall SS-34 rotor at 16,000 rpm for 50 min at 48C, the
supernatant was mixed with 5 ml of Ni-nitrilotriacetic acid-agarose (Qiagen) at
48C for at least 2 h. The protein-bound gel matrix was then packed into a column
(1.5 by 10 cm) and washed with 40 ml of the same buffer containing 40 mM
imidazole. Tax protein was then eluted with a 60-ml gradient of 80 to 300 mM
imidazole. Proteins in each fractions were analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) (12% polyacrylamide gel)
followed by immunoblotting with an anti-HTLV-1 Tax antibody generated
against the C-terminal region of Tax (Tax-C Ab [22]). Fractions containing Tax
were dialyzed against buffer D (20 mM N-2-hydroxyethylpiperazine-N9-2-ethane-
sulfonic acid [HEPES; pH 7.9], 150 mM KCl, 0.2 mM EDTA, 0.5 mM phenyl-
methylsulfonyl fluoride, 0.5 mM dithiothreitol, 20% glycerol) and stored frozen
at 2708C. Similar methods were used to obtain M18 (T123A, L124S), M19
(Q126A, H127S), M24 (T145A, L146S), M28 (P176A, G177S), and M34
(G203A, A204S) mutant proteins. Protein concentrations were determined by
the Bio-Rad protein assay, using bovine serum albumin (BSA) as a standard.
Chemical cross-linking of proteins. Purified wild-type or mutant Tax proteins

(approximately 0.2 mg in 10 ml) were incubated with 1 ml of freshly prepared 50
mM bissulfosuccinimidyl suberate (BS3; a cross-linking reagent from Pierce) at
room temperature for 5 min. The reaction was quenched by the addition of 1 ml
of 1 M Tris (pH 7.8). The reaction product was then analyzed by SDS-PAGE
(12% polyacrylamide gel) and immunoblotting.
Gel filtration chromatography. Gel filtration was carried out at 48C, using a

Superose 12 HR 10/30 column (Pharmacia, Uppsala, Sweden) and a Pharmacia
FPLC system. The purified Tax proteins (60 to 80 ml) were loaded on the column
preequilibrated with 50 mM PBS (pH 7.8) containing 0.3 M NaCl. Proteins were
eluted in the same buffer at a flow rate of 0.3 ml/min. Eluates were collected in
0.5-ml fractions and analyzed for the presence of Tax by immunoblotting. The
Superose 12 column was calibrated by using a set of molecular mass standards
from Bio-Rad (bovine thyroglobulin, 670 kDa; bovine gamma globulin, 158 kDa;
chicken ovalbumin, 44 kDa; horse myoglobin 17 kDa; vitamin B12, 1.35 kDa) and
Pharmacia (BSA, 67 kDa).
Gel electrophoretic mobility shift assay. A 67-bp EcoRI-NcoI fragment con-

taining the promoter proximal copy of the HTLV-1 21-bp repeat was labeled

with [a-32P]dCTP by using Klenow enzyme and purified by PAGE (12% poly-
acrylamide gel). Protein-DNA binding reactions were carried out as described
previously (1, 2). The reaction mixtures (typically 8 ml) were electrophoresed on
a 4.5 or 6% nondenaturing polyacrylamide gel (30:1 acrylamide to bisacrylamide;
18 by 14 cm) in Tris-glycine-EDTA buffer (25 mM Tris, 192 mM glycine, 1 mM
EDTA [pH 8.5]) at 220 V and 48C for 2 to 3 h. The gel was then dried on a piece
of Whatman filter paper and autoradiographed.

RESULTS

Purified Tax protein forms a dimer. Previous studies have
indicated that the region in CREB that is critical for the in-
termolecular Tax-CREB interaction lies in the basic domain of
CREB and amino acid residues 282 to 284, Ala-Ala-Arg, im-
mediately upstream (2). Since CREB is a homodimer of two
identical subunits, it seems likely that at least two types of
Tax-CREB complexes can exist, each with the stoichiometry of
either one or two Tax molecules per Tax-CREB-DNA ternary
complex. The gel electrophoretic mobility shift assay, however,
detected only a single ternary complex (52, 53). This prompted
us to consider the possibility that Tax is dimeric in structure.
Tax is composed of 353 amino acid residues with a molecular
size of approximately 40 kDa. To determine if Tax is dimeric,
both chemical cross-linking and gel filtration chromatography
were carried out. Treatment of Tax with a cross-linker, BS3,
produced a new protein species with a molecular size of ap-
proximately 80 kDa (Fig. 1A), corresponding to the size of a
Tax dimer. Gel filtration chromatography using a Pharmacia
Superose 12 column revealed that the major peak of Tax
eluted at a position immediately preceding where the 67-kDa
BSA appeared (Fig. 1B, lanes 6 to 9), consistent with the
expected size of a Tax dimer. In addition to the major fraction
eluting before BSA, some Tax protein trailed in fractions
where the 44-kDa ovalbumin standard eluted (Fig. 1B, lanes 10
to 13). This result indicates that a portion of Tax is in the
monomeric state, most likely in dynamic equilibrium with the
dimeric form.
Tax mutants impaired or defective in dimerization become

poor transactivators. Smith and Greene have previously gen-
erated 52 Tax mutants with amino acid substitutions spanning
the entire length of Tax (42). Having determined that the
wild-type Tax forms a dimer, we proceeded to analyze a subset
of Tax mutants (M1, M7, M22, and M47) from the Smith and
Greene collection to correlate the transcriptional activities of
these mutant Tax proteins with their abilities to form dimers.
M1 (H3S) is a mutant defective in transactivating the HTLV-1
LTR but competent in transactivating the HIV LTR. M7

FIG. 1. HTLV-1 Tax is a dimer. (A) Chemical cross-linking of the wild-type
Tax was performed as described in Materials and Methods. Lane 1, protein
molecular weight standards; lanes 2 and 3, untreated and BS3-treated Tax,
respectively. (B) Gel filtration chromatography was performed as described in
Materials and Methods. Lanes 1 to 14 correspond to elution volumes of 9 to 15.5
ml (fractions 18 to 31). Tax was visualized by immunoblotting. The peaks of
molecular weight standards are marked, with their respective molecular sizes
indicated.
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(C29A, P30S) is deficient in nuclear localization and fails to
activate either of the LTRs. M22 (T130A, L131S) is reduced in
its capacity to transactivate the HTLV-1 LTR and abrogated in
transactivation of the HIV LTR. Finally, M47 (L319R, L320S)
transactivates the HIV LTR but not the HTLV-1 LTR. Our
published data have demonstrated that M1 and M7 are defec-
tive in engaging CREB, while M22 exhibits approximately 20%
of wild-type levels of activity in interacting with CREB and in
ternary complex formation (1). In contrast, M47 can interact
with CREB and the 21-bp repeat to form a ternary complex
but is apparently impaired in the transactivation domain which
interacts with the basal transcriptional machinery (1, 41). To
obtain mutant proteins for biochemical characterizations, the
wild-type Tax coding sequence in plasmid pET11-TaxH6 was
replaced with those of the mutants. Individual mutant proteins
were then expressed, purified, and analyzed by chemical cross-
linking (Fig. 2A) and gel filtration chromatography (Fig. 2B).
As shown in Fig. 2A, after BS3 treatment, Tax mutants M1 and

M47 each produced an 80-kDa protein species corresponding
to a cross-linked dimer. Gel filtration further confirmed that
both M1 and M47 proteins form dimers (Fig. 2B, M1 and M47,
lanes 6 to 9). M7, in contrast, appeared as large protein ag-
gregates which eluted in the void volume of the Superose 12
sizing column. After BS3 cross-linking, M7 yielded a smear of
large-molecular-size protein species reactive to the Tax anti-
body, indicating that it was highly aggregated. This may con-
tribute to its failure to reach the nucleus and its inability to
interact with CREB. Most interestingly, M22 yielded a low
level of the 80-kDa species following BS3 cross-linking. Gel
filtration chromatography also revealed it to be predominantly
monomeric (Fig. 2B, M22, lanes 10 to 13) or aggregated (lanes
1 to 3), with a small fraction in dimer form (lanes 6 to 9).
Intersubunit Tax interaction is necessary for incorporation

of Tax into a stable ternary complex with CREB and the
HTLV-1 21-bp repeat. The interaction of mutant Tax proteins
with CREB and the 21-bp repeat was then analyzed by the gel
electrophoretic mobility shift assay to determine the effect of
the respective mutations on the assembly of the Tax–CREB–
21-bp-repeat ternary complex. In two separate concentrations
(0.3 mM [Fig. 3, lanes 2 to 6 and 8 to 12] and 0.15 mM [lanes
14 to 19]), the wild-type Tax and M47 both interacted with
CREB and the 21-bp repeat DNA to form more slowly mi-
grating ternary complexes (lanes 2 and 4) which could be
supershifted by an antibody (lanes 8 and 10), Tax-C Ab, gen-
erated against the carboxyl end of Tax (22), while M22 is
weakened in this capacity (compare lanes 9 and 18 with lanes
8, 10, 17, and 19). In contrast, both M1 and M7 failed to
interact with the CREB-DNA complex (lanes 5 and 6) and
produced no nucleoprotein complexes that reacted with Tax-C
Ab (lanes 11 and 12), as a result of the defect of M1 to bind
CREB as reported previously (1) and the tendency of M7 to
aggregate (Fig. 2). The weakened ability of M22 to form a
ternary complex is most likely because of its reduced capacity
to dimerize and interact with CREB (lanes 15 and 18).

FIG. 2. Intersubunit interactions of mutant Tax proteins. Tax proteins were
prepared as described in Materials and Methods. Proteins were analyzed by
SDS-PAGE (12% polyacrylamide gel). Chemical cross-linking, gel filtration, and
immunoblotting were carried out as described in Materials and Methods. (A)
Immunoblot of wild-type (WT) and mutant Tax proteins before and after BS3
cross-linking. (B) Elution profiles of individual mutant Tax proteins (as labeled)
on a Superose 12 column. Lanes 1 to 14 correspond to fractions 19 to 32.

FIG. 3. Relative efficiencies of mutant Tax proteins in forming a Tax–
CREB–21-bp-repeat ternary complex. Gel electrophoretic mobility shift assays
were performed as described in Materials and Methods, using 4.5% polyacryl-
amide gels. Each sample contained approximately 60 ng of purified CREB and
1 mg of poly(dI-dC). Amounts of wild-type (WT) and mutant Tax proteins are
approximately 0.1 mg in lanes 2 to 6 and 8 to 12 and 50 ng in lanes 14 to 19,
respectively. Tax-C Ab (0.4 ml) was added in lanes 7 to 12 and lanes 17 to 19.
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Multiple Tax mutants defective in transactivation functions
are impaired in dimer formation. To further define the region
in Tax that is important for intersubunit interactions, five ad-
ditional mutants with amino acid substitutions in residues 123
to 204, adjacent to the mutations in M22 (T130A, L131S), were
cloned, expressed, and purified as described above for analy-
ses. These mutants [M18 (T123A, L124S), M19 (Q126A,
H127S), M24 (T145A, L146S), M28 (P176A, G177S), and M34
(G203A, A204S)] are impaired to different extents in the trans-
activation functions and showed ,5, 120, 54, 32, and 14% of
wild-type levels of activity in transactivation of the HTLV-1
LTR, respectively (42). Comparable amounts of wild-type and
mutant Tax proteins were treated with the chemical cross-
linker dimers BS3 as described above, and the levels of cross-
linked dimers were compared. M19, which showed wild-type
level of Tax activity, yielded the same amount of cross-linked
dimer as the wild-type Tax (Fig. 4A; compare lanes 2 and 6).
Further, mutants with weaker transactivation functions yielded
progressively lower levels of cross-linker dimers (lanes 8, 10,
and 12). The extent of Tax mutant dimerization as measured
against that of the wild-type Tax is largely consistent with the
degree of transactivation reported previously (Fig. 4C). For
mutant M18, which is essentially inactive, little cross-linked
dimer could be detected (Fig. 4A, lane 4). Although the level
of M18 used may be somewhat lower, the difference from that
of the other Tax species is not significant. The mutant proteins
were further analyzed by the electrophoretic mobility shift
assay. Again, the degrees of ternary Tax–CREB–21-bp-repeat
complex formation correlated to the abilities of the mutant
proteins to form dimers (compare lanes 2 to 7 for levels of the
ternary complexes and supershifts of the ternary complexes
with Tax-C Ab in lanes 9 to 14). These results are consistent
with the notion that Tax dimerization is crucial for its interac-
tion with CREB and transactivation. Further, the region im-
portant for Tax dimerization appears to extend from residues
Thr-123 to Ala-204.
Enhanced DNA binding of bZip domains by Tax is not

sufficient for Tax transactivation. It has been proposed that
the enhancement of dimerization and DNA binding of bZip
domains by Tax is responsible for transcriptional activation
(36, 47). Since M47, which failed to transactivate the HTLV-1
21-bp repeats, behaved like wild-type Tax in intersubunit
dimerization and assembly of ternary complexes, we tested its
activity in enhancing the DNA binding of bZip proteins. Con-
sistent with results in Fig. 3, both M47 and wild-type Tax
interacted with glutathione S-transferase (GST)–CREB bZip
and the HTLV-1 21-bp repeat to assemble ternary complexes
(Fig. 5A, lanes 3 to 5), which became supershifted by Tax-C Ab
(Fig. 5B, lanes 2 to 4). Also in agreement with the results in
Fig. 3, the impairment in subunit dimerization of M22 renders
it diminished in ability to stably interact with GST-CREB bZip
to form the ternary complex (Fig. 5A, lane 4; Fig. 5B, lane 3).
In contrast to when CREB was used (Fig. 3), this defect was
more pronounced with GST-CREB-bZip (Fig. 5A, lane 4), in
which case little ternary complex could be detected. M22, how-
ever, remained able to stimulate the binding of GST-CREB-
bZip, GST-ATF1-bZip, and GST-ATF2-bZip to DNA (Fig.
5A, lanes 4, 8, and 12). Similarly, M47 also enhanced the
binding of the bZip domains of CREB, ATF1, and ATF2 to
the HTLV-1 21-bp repeat (Fig. 5A, lanes 9 and 13). Overall,
the interaction of Tax (wild type or M47) with ATF1 bZip is
weaker than that with CREB bZip (Fig. 5A, lanes 6 to 9) as
reported previously (1, 44), with some Tax-ATF1 bZip-DNA
ternary complexes detectable by antibody supershift, probably
as a result of stabilization by Tax-C Ab (Fig. 5B, lanes 5 to 8).
Although Tax (wild type or M47) interacted with ATF2 bZip

to increase its binding to the probe DNA (Fig. 5A, lanes 10 to
13), no ternary complex was seen (Fig. 5B, lanes 9 to 12).
Finally, no interaction between Tax (wild type or M47) and
ATF3 bZip was observed (Fig. 5A, lanes 14 to 17; Fig. 5B,
lanes 13 to 16). That M47 functions like wild-type Tax in
stimulating binding of CREB/ATF proteins to the HTLV-1
21-bp repeat in vitro (Fig. 5A, lanes 9 and 13) and yet is
completely ablated in transactivating the HTLV-1 LTR in vivo
is particularly informative. This result indicates that Tax-en-
hanced DNA binding of bZip proteins is not sufficient to ac-
count for transactivation. Instead, the recruitment of Tax with
a functional transactivation domain (which has been abrogated
in mutant M47) to the viral 21-bp repeats via CREB is required
for the augmentation of viral transcription.

FIG. 4. Tax mutants impaired in dimerization become defective in ternary
complex formation and transactivation. Tax mutants M18, M19, M24, M28, and
M34 were cloned, expressed, and purified as described in Materials and Meth-
ods. (A) Immunoblot of mutant Tax proteins before (2) and after BS3 (1)
cross-linking. Approximately 0.2 mg of each mutant Tax protein in 10 ml was
used. WT, wild type. (B) Electrophoretic mobility shift assay carried out as for
Fig. 3 with 0.1 mg of each mutant Tax protein. (C) Quantitation of the levels of
dimerization, ternary complex formation, and HTLV-1 LTR transactivation of
Tax mutants. The levels of cross-linked Tax dimers were determined by densi-
tometer scanning. The ternary complexes were quantified by a PhosphorImager.
The levels of transactivation of Tax mutants are as reported elsewhere (42).
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DISCUSSION
The results described here, combined with published data (1,

15, 20, 21, 39–42), indicate that Tax contains several structur-
ally distinct regions involved in (i) interaction with CREB (1,
21), (ii) interaction with the basal transcriptional machinery
(41), and (iii) subunit dimerization. Mutations that affect indi-
vidual functions can be localized to the amino-terminal, the
carboxyl-terminal, and the central regions of Tax, respectively.
A zinc finger-like motif has been proposed for the NH2 termi-
nus of Tax (40, 43). Analyses of Tax mutants with amino acid
substitutions in the histidine and cysteine residues in this re-
gion suggest that the zinc finger structure may be important for
interaction with CREB (1, 21). A nuclear localization domain
has also been mapped to this region (43). A deletion mutant of
Tax lacking the NH2-terminal amino acid residues 2 to 58 has
been shown previously to inhibit Tax transactivation in a trans-
dominant negative manner by causing aberrant localization of
wild-type Tax to the perinuclear region. That the deletion
mutant forms a heterodimer with wild-type Tax to block its
function has been suggested (20). That Tax forms a dimer with
a dissociation constant in the nM range has also been reported
recently (36).
We and others have shown previously that Tax preferentially

interacts with nucleoprotein complexes formed between
CREB and a subset of CRE motifs, including the viral 21-bp
repeats, which contain 59 G-rich and/or 39 C-rich flanking se-
quences (35). Although the molecular basis for this DNA spec-
ificity is not clear at present, it appears to involve the CREB
basic domain and three amino acid residues located in its
vicinity which have been shown to be critical for the formation
of the ternary complex (2, 49). The data reported here indicate
that Tax dimerization is required for its specific contact with
CREB. Two possible roles for the intersubunit Tax interaction
can be envisioned. First, it may position the NH2-terminal
region for interaction with CREB. Second, it can strengthen
the Tax-CREB interaction via a two-prong contact. The Tax-
CREB-DNA interaction thus results in a stable ternary com-
plex with a stoichiometry of (Tax)2/(CREB)2/(21-bp repeat)1
(Fig. 6).
In agreement with earlier reports (4, 36), the enhanced

dimerization and DNA binding of CREB/ATF-like factors as

stimulated by Tax can be explained in part on the basis that
Tax dimer serves as an anchor to bring two bZip domains
together to dimerize (36). This would be consistent with the
observation that Tax-enhanced DNA binding of CREB pro-
teins in vitro is highly dependent on CREB concentrations (3,
7) and occurs via a biphasic process (7) possibly involving the
joining of two CREB monomers and subsequent alterations of
the structure of their respective DNA binding domains. The
inability to detect a Tax-CREB-DNA ternary complex in the
gel mobility shift assay by others is most likely a consequence
of the conditions under which the experiments were carried
out (3, 4, 36, 47). We think that the interaction between Tax
and other bZip proteins is incomplete, with the extent of in-
teraction depending on the degree of their structural similar-
ities to CREB. Although the Tax-stimulated increase in bZip
dimer formation and DNA binding can be quite striking, es-
pecially when the concentration of CREB is low, this effect is
most likely driven by the higher concentrations of Tax dimer in
vitro. Our results for Tax mutant M47, which completely fails
to activate the HTLV-1 LTR yet continues to enhance DNA
binding of several bZip proteins, argue against the model pro-
posed by Perini et al. suggesting that Tax-stimulated dimeriza-
tion of bZip proteins is responsible for Tax transactivation
(36). On the contrary, we think that Tax does not act as a
molecular chaperone or catalytically to stimulate enhancement
of DNA binding of bZip proteins and/or alter their DNA

FIG. 5. Interaction of Tax and Tax mutants with bZip domains. Construction of GST-bZip fusions has been reported previously (1). Gel electrophoretic mobility
shift assays were performed as for Fig. 3 except that a 6% polyacrylamide gel was used. (A) Twenty-nanogram aliquots of GST-bZip proteins (CREB, ATF1, ATF2,
and ATF3) were used in each reaction with inclusion of 0.1 mg of wild-type (WT) or mutant (M22 or M47) Tax protein (as labeled above each lane). The arrow marks
the ternary complex formed between Tax, CREB bZip, and HTLV-1 21-bp repeat. Because of the reduced size of the GST-CREB bZip compared with CREB, the
ternary complex separates better from the GST-CREB bZip-DNA complex (A, lanes 3 to 5). The increase bZip DNA binding as stimulated by Tax ranges between
2.4- and 4-fold. In the presence of Tax, a slight reduction in ATF3 bZip binding to DNA was seen. All GST-ATF2 bZip lanes contain a more slowly migrating species
probably due to protein aggregation. (B) Reactions identical to those in panel A except for the addition of Tax-C Ab.

FIG. 6. A model for the mechanism of HTLV-1 Tax transactivation showing
the assembly of Tax and CREB dimers on the HTLV-1 21-bp repeat. As reported
before (1), Tax-CREB interaction occurs in the immediate vicinity of the CREB
basic domain.
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binding specificities. Rather, Tax dimer participates directly in
the formation of a ternary complex with CREB and the
HTLV-1 21-bp repeats to affect transcriptional activation. The
specific recruitment of Tax dimer to the viral 21-bp repeats via
CREB in turn results in the formation of a stable ternary
complex and allows the transactivation domain in the carboxyl
terminus of Tax to be poised for interactions with the basal
transcriptional machinery.
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